Although insects of the order Diptera initially develop as large multinucleated cells, extensive cytoskeletal remodeling transforms the syncytial cell into a multicellular embryo by the start of gastrulation. This process of 'cellularization' has been best studied in *Drosophila melanogaster*^[@R1]-[@R5]^. Intriguingly, somatic cells and germ cell precursors (PGCs) require distinct genetic programs in order to cellularize. For example, somatic cell formation requires several zygotically transcribed gene products^[@R6]-[@R12]^. Together, these factors contribute to an essential feature of somatic cellularization: the synchronous ingression of newly synthesized membrane between, and then around individual nuclei^[@R9]^. In contrast, PGC formation is strictly controlled by maternal gene products collectively known as the germ plasm^[@R13],[@R14]^. Since PGC formation has not been described in detail, the contribution of individual germ plasm components to this process is not understood and the defining feature(s) of this mode of cell formation remain unknown.

Several lines of evidence suggest that PGC formation may be similar to the process of animal cytokinesis^[@R15]^. For example, PGC formation, like cytokinesis, proceeds during mitosis and requires the contractile ring components, Anillin and Diaphanous^[@R16]-[@R18]^. However, the strict dependence on germ plasm components for PGC formation suggests that cytokinesis alone is not sufficient to account for all aspects of this process. In particular, mutations in the germ plasm component, *gcl*, disrupt PGC formation but do not impact cytokinesis in other tissues^[@R19]^.

To determine the mechanism of PGC formation, we began our studies by analyzing the events leading to PGC formation. When nuclei reach the embryonic cortex at the tenth nuclear cycle, they induce membrane and cytoplasmic protrusions, called 'buds'^[@R4],[@R20]^ ([Supplementary Fig. S1a](#SD1){ref-type="supplementary-material"}). Although the majority of these buds collapse shortly after their nuclei enter mitosis, the small fraction of buds that form within the germ plasm are reorganized into PGCs. To capture the transformation of buds into cells, we developed a 4D-imaging assay ([Fig. 1a](#F1){ref-type="fig"}) that revealed and quantified the localization of green fluorescent protein (GFP), fused to either of two known cleavage furrow components, Myosin-II regulatory light chain-GFP (MRLC, *Drosophila* Sqh; now called 'Myosin-GFP') and Anillin-GFP (*Drosophila* Scraps), along with a kusabira orange fused germ plasm marker, Vasa-KO^[@R21]-[@R23]^ ([Fig. 1b and c](#F1){ref-type="fig"}). We found that both Anillin-GFP and Myosin-GFP were enriched at the neck of posterior buds (hereafter termed the 'bud furrow', BF)([Fig. 1d and e](#F1){ref-type="fig"}, [Supplementary Fig. 1e](#SD1){ref-type="supplementary-material"}). When nuclei within these buds entered mitosis, the BF constricted beneath the chromosomes, in a plane parallel to the mitotic spindle. During anaphase, a second cleavage furrow (hereafter termed the 'anaphase furrow', AF) assembled orthogonally to both the mitotic spindle and BF ([Fig. 1b and c](#F1){ref-type="fig"}, [Supplementary Fig. S1b and f, Supplementary Video S1 and S2](#SD1){ref-type="supplementary-material"}). Although the AF ingressed asymmetrically, it divided the bud into two daughter cells in a manner similar to a cytokinetic furrow ([Fig. 1c](#F1){ref-type="fig"}, [Supplementary Fig. S1f](#SD1){ref-type="supplementary-material"}). In contrast, BF cleavage separated the bud from the embryo, asymmetrically partitioning the germ plasm, marked by Vasa-KO, into the PGCs ([Fig. 1c](#F1){ref-type="fig"} and [Supplementary Video S2](#SD1){ref-type="supplementary-material"}). Following their constriction, these paired furrows (AF-BF) resolved into a tripartite midbody-like structure that attached the newly formed cells to the embryonic cortex ([Supplementary Fig. S1c and d](#SD1){ref-type="supplementary-material"}). We conclude that the constriction of two orthogonally paired furrows remodels one bud into two PGCs ([Fig. 1f](#F1){ref-type="fig"}).

What are the molecular mechanisms that control paired furrow activity during PGC formation? The small GTPase RhoA (*Drosophila* Rho) is a major regulator of cellular contractility and functions upstream of *anillin* and *diaphanous* during cytokinesis^[@R24],[@R25]^. To determine whether PGC formation also requires RhoA activity, we injected the RhoA inhibitor, C3 peptide^[@R26],[@R27]^, into embryos shortly after bud formation. Injection of the C3 peptide, but not vehicle, blocked PGC formation (\# embryos with PGCs, vehicle-injected = 15/15, C3-injected = 0/12) ([Fig. 2a](#F2){ref-type="fig"}). In *Drosophila* S2 cells, RhoA targets Anillin to the cleavage furrow during cytokinesis^[@R25]^. Therefore, we asked whether targeting of Anillin-GFP to the BF was dependent on RhoA activity. Using our live imaging assay, we monitored Anillin-GFP at the BF following RhoA inhibition. In contrast to vehicle-controls, C3 peptide-injected embryos exhibited a 2.5-fold reduction in Anillin-GFP at the BF shortly after injection ([Fig. 2b](#F2){ref-type="fig"}, [Supplementary Video S3 and S4](#SD1){ref-type="supplementary-material"}). These data demonstrate that PGC formation requires RhoA and suggest that a common RhoA signaling cascade regulates Anillin localization during both PGC formation and cytokinesis.

A major target of RhoA signaling during cytokinesis is the serine-threonine kinase, Rho-associated protein kinase (ROCK, *Drosophila* Rok). In *Drosophila*, ROCK promotes constriction of the cleavage furrow by phosphorylating serine and threonine residues in MRLC^[@R28],[@R29]^. To ask whether ROCK acts downstream of RhoA during PGC formation, we injected embryos with a ROCK inhibitor, Y-27632, shortly after bud formation^[@R30],[@R31]^. Injection of Y-27632, but not vehicle, blocked PGC formation in the majority of embryos assayed (\# embryos with PGCs, vehicle-injected = 21/21, Y-27632-injected = 4/26) ([Fig. 2c](#F2){ref-type="fig"}). Thus, we conclude that ROCK acts downstream of RhoA during PGC formation. Since MRLC is the major target of ROCK in *Drosophila*, these data suggest that myosin II activity is likely essential for both AF and BF cleavage.

During cytokinesis, the anaphase spindle signals to RhoA at the cell cortex to direct assembly and ingression of the cleavage furrow^[@R32],[@R33]^. By coupling furrow assembly to the anaphase spindle, this mechanism ensures cleavage only after sister chromatid separation has begun. Because PGC formation, like cytokinesis, occurs during mitosis, we hypothesized that signaling from the anaphase spindle may activate RhoA to regulate paired furrow cleavage. To determine whether the anaphase spindle controls paired furrow assembly and/or constriction, we inhibited spindle assembly by injecting embryos with colcemid, which depolymerizes microtubules and arrests mitotic nuclei in metaphase. If paired furrow activity required anaphase spindle assembly, we reasoned that colcemid injection would prevent PGC formation. Surprisingly, we found that embryos injected with colcemid, but not vehicle, formed large, metaphase-arrested "PGC-like" cells ([Fig. 2d](#F2){ref-type="fig"}) (\# embryos with large, metaphase-arrested PGCs, vehicle-injected = 0/10, colcemid-injected = 16/18). To further investigate these findings, we injected embryos with colcemid and captured paired furrow behavior live using our 4D-imaging assay. Using Anillin-GFP to mark the furrows, we found that colcemid treatment blocked AF assembly in posterior buds, suggesting that the anaphase spindle may instruct AF assembly and constriction ([Fig. 2e](#F2){ref-type="fig"}, [Supplementary Fig. S2 and Supplementary Video 5](#SD1){ref-type="supplementary-material"}). In contrast, BF constriction proceeded in colcemid-injected embryos, resulting in the formation of the large "PGC-like" cells ([Fig. 2e](#F2){ref-type="fig"}, [Supplementary Fig. S2 and Supplementary Video 5](#SD1){ref-type="supplementary-material"}). Therefore, we conclude that BF cleavage is regulated in an anaphase spindle-independent manner. Moreover, these data illustrate that at least two distinct signaling pathways govern paired furrow activity.

What regulates anaphase spindle-independent BF cleavage during PGC formation? While syncytial nuclei reach the cortex of the embryo synchronously and form buds, only those nuclei surrounded by germ plasm become PGCs. Thus, we reasoned that components of the germ plasm likely played an instructive role in this mechanism of cellularization. Among known gene products localized to the germ plasm, *gcl* is an attractive candidate, since embryos that lack maternally deposited *gcl* (hereafter referred to as *gcl* mutant embryos) show specific defects in PGC formation^[@R19],[@R34]^. The exact role of Gcl in this process, however, is unknown. We therefore analyzed AF and BF cleavage in *gcl* mutants using our live imaging assay. Mutant and control embryos exhibited an enrichment of Anillin-GFP at the BF, suggesting that Anillin is targeted to the BF independent of Gcl ([Fig. 3a](#F3){ref-type="fig"}). However, despite AF assembly and cleavage, BF cleavage failed in mutant embryos, preventing PGC formation ([Fig. 3a](#F3){ref-type="fig"} and [Supplementary Video 6](#SD1){ref-type="supplementary-material"}). We quantified the BF diameter shortly after AF assembly in both control and mutant embryos and determined that mutants exhibited a 3-fold greater BF diameter ([Fig. 3b](#F3){ref-type="fig"}). We conclude that BF, but not AF cleavage, requires Gcl and thus identify Gcl as the first unique regulator of spindle-independent cleavage.

Gcl is a BTB domain-containing protein that resides in the germ plasm and becomes enriched at the nuclear membrane of posterior buds prior to PGC formation^[@R35]^. Previous work suggested that Gcl represses transcription during PGC formation^[@R34]^. Our results suggest that Gcl may transcriptionally repress one or more negative regulators of BF cleavage. We tested this model by globally inhibiting Pol II dependent transcription, shortly after fertilization, by injecting α-amanitin and then assaying for PGC formation in control and *gcl* mutant embryos. We found that α-amanitin had no effect on PGC formation in control embryos (n = 15/15 embryos with \> 15 pole cells), confirming that PGCs form in a transcription independent manner as reported previously^[@R36]^. Surprisingly, PGC formation was not rescued in α-amanitin-injected *gcl* embryos (n = 0/27 embryos with \> 15 pole cells) ([Supplementary Fig. S3](#SD1){ref-type="supplementary-material"}). In these experiments, somatic cellularization was inhibited in all injected embryos, indicating that our injection assay efficiently inhibited Pol II-dependent transcription^[@R3]^ ([Supplementary Fig. S3](#SD1){ref-type="supplementary-material"}). Thus, we conclude that Gcl does not inhibit Pol II dependent transcription during PGC formation.

We next considered whether Gcl counteracts the forces generated by the anaphase spindle during sister chromatid separation^[@R37]^. Our fixed tissue and live observations show that constriction of the BF coincides with the segregation of chromosomes towards opposing spindle poles ([Supplementary Fig. S1f](#SD1){ref-type="supplementary-material"}). Therefore, we hypothesized that Gcl may function to 'stabilize' the BF during this phase of mitosis. We reasoned that inhibiting assembly of the anaphase spindle might rescue BF cleavage in the *gcl* mutants. However, *gcl* mutants injected with colcemid, unlike controls, failed to form 'PGC-like' cells (\# embryos with 'PGC-like' cells = 0/11) ([Supplementary Fig S4, Supplementary Video 7 and 8](#SD1){ref-type="supplementary-material"}). Therefore, we conclude that Gcl does not act to stabilize the BF during PGC formation.

Since Gcl overexpression within the germ plasm directs additional posterior buds to undergo PGC formation^[@R38]^, we considered two final models, in which Gcl acts as either a permissive or instructive signal for BF cleavage. To distinguish between these two models, we filmed BF cleavage in control, *gcl* mutant and Gcl overexpressing (EP-*gcl*) embryos using our 4D-imaging assay ([Supplementary Video 9, 10 and 11](#SD1){ref-type="supplementary-material"}). We measured the BF diameter at several time points and calculated the rate of furrow constriction ([Fig. 4a and b](#F4){ref-type="fig"}). If Gcl acts as a permissive cue, we would expect equal rates of constriction in control and Gcl overexpressing embryos. However, we found that the rate of constriction was proportional to the amount of Gcl present within the germ plasm ([Fig. 4c](#F4){ref-type="fig"}). Indeed, even in control embryos, where the highest concentration of Gcl protein is found in the most posterior buds, we found a direct correlation between the position of the bud and the degree of BF constriction ([Supplementary Fig. S5](#SD1){ref-type="supplementary-material"}). Thus, we conclude that Gcl activity instructs BF cleavage by regulating the rate of furrow constriction.

While increased Gcl levels in the germ plasm result in supernumerary PGCs, mis-expression of *gcl* alone is not sufficient to cause ectopic cell formation^[@R38]^. However, ectopic expression of *gcl* at the anterior pole (*gcl-bcd*) causes defects in somatic cellularization^[@R38]^. To determine how Gcl activity disrupts somatic cell formation, we immunostained control and Gcl mis-expressing embryos using an antibody against a somatic contractile ring component, Anillin. While constriction of the somatic contractile ring normally occurs only after membranes have surrounded the nuclei, we found that this Anillin-stained structure prematurely constricted in *gcl-bcd* embryos ([Fig. 5a](#F5){ref-type="fig"}). Premature constriction of the contractile ring displaced somatic nuclei from the embryonic cortex and caused disruption of somatic cell organization. Thus, we conclude that Gcl is sufficient to promote constriction of the contractile ring independent of other germ plasm components. Because Gcl can influence the constriction behavior of both the BF and somatic contractile ring, we suggest that Gcl activity directly or indirectly regulates a core contractile component during cleavage.

Since Gcl and Anillin are both required for PGC formation^[@R16],[@R19]^ and because Gcl is not required for Anillin localization to the BF ([Fig. 3a](#F3){ref-type="fig"}), we hypothesized that they may collaborate to promote BF cleavage. To test this model, we mis-expressed Gcl together with Anillin-GFP and scored ectopic cell formation at the anterior of the embryo. While neither protein alone was sufficient to direct BF cleavage of anterior buds, embryos mis-expressing both Gcl and Anillin-GFP induced some 'PGC-like' cells in several embryos (\# of embryos scored with 'PGC-like' cells = 4/107)([Fig. 5b and e](#F5){ref-type="fig"}). While the extent of cell formation in these embryos did not approach the mis-expresssion of *oskar*^[@R13]^ (\# of embryos with Vasa positive cells =15/15) ([Fig. 5b](#F5){ref-type="fig"}), we conclude that Gcl and Anillin represent the minimal molecular requirements for ectopic "PGC-like" cell formation during Drosophila embryogenesis.

In summary, we identify an alternate cleavage pathway that acts during the process of PGC formation and suggest that similar mechanisms may be utilized more broadly in biology. For example, the *Drosophila* neuroblast utilizes both spindle-dependent and -independent pathways to instruct cleavage during development^[@R39]^. Similar to *Drosophila* PGCs and neuroblasts, polar lobe formation in gastropods also appears to require spindle-independent cleavage^[@R40],[@R41]^. In all three systems, the spindle-independent furrow partitions cytoplasmic determinants asymmetrically to instruct cell fates. One possibility is that these cleavage pathways initially co-evolved with mechanisms of cytoplasmic determination. In such a scenario, regulators of these alternative cleavage pathways, much like Gcl, are likely to reside within the determinate-rich cytoplasm of the differentiating daughter cell.

Gcl activity defines the only known molecular asymmetry between spindle-dependent and --independent cleavage pathways. While mammalian Gcl can act as a transcriptional regulator^[@R42]^, our results reveal a transcription-independent role for *Drosophila* Gcl during BF cleavage. Regardless of its precise molecular function, mammalian Gcl has maintained an ability to instruct spindle-independent cleavage during the course of evolution as the mouse homolog can rescue PGC formation in *Drosophila* mutants^[@R43]^. In mammals, Gcl is required for spermatogenesis. Gcl mutant mice have defective sperm, with multi-nucleated heads and bent necks^[@R44]^. Reduced human *gcl* expression, along with defective sperm motility, has also been reported in azospermic men with normal karyotypes and intact Y-chromosomes^[@R45]^. Thus, Gcl may have a conserved role in regulating cytoskeletal or contractile behavior during germ line development in diverse animals.
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![Anillin-GFP and Myosin-GFP localize to paired cleavage furrows during *Drosophila* PGC formation\
**(a)** Diagram of 4D-imaging strategy used to capture PGC formation at the posterior of the *Drosophila* embryo. The embryo is positioned with its dorsal surface closest to the cover slip. 40 Z-slices (red line) spaced 1 μm apart along the dorsal-ventral axis were acquired per time point at the apex of the posterior pole. **(b)** Micrographs of time-lapse maximum intensity projections (MIP) of paired furrows during PGC formation revealed with Anillin-GFP (see Supplementary Video 1). **(c)** Time-lapse micrographs (single optical sections) of a single bud during PGC formation revealed by Myosin-GFP and Vasa-KO (see Supplementary Video 2). **(b, c)** Arrows and arrowheads mark the anaphase furrow (AF) and bud furrow (BF) respectively. **(d and e)** Kymographs showing the localization and quantification of **(d)** Anillin-GFP and **(e)** Myosin-GFP at a single paired furrow during PGC formation. We consistently observed biphasic enrichment of Myosin-GFP at the BF suggesting regulation by the cell cycle as previously reported^[@R31]^. Data shows the mean of quantifications done in **(d)** = 4 embryos and **(e)** = 4 embryos, with 3 buds measured in each embryo. Error bars: S.D. **(f)** Graphical description of PGC formation showing the remodeling of one bud into two cells. Scale bars = 5 μm](nihms495826f1){#F1}

![A spindle-independent cleavage pathway directs bud furrow cleavage\
**(a)** Micrographs of vehicle- and C3 peptide-injected embryos (Vasa (green) and F-actin (red)). Arrows mark the PGCs in vehicle-injected embryos. Total number of embryos injected and scored in **(a)**: vehicle-injected = 15, C3 peptide-injected = 12. **(b)** Time--lapse micrographs and below quantification of Anillin-GFP at the BF in vehicle- and C3 peptide-injected embryos (see Supplementary Video 3 and 4). Arrowheads mark the BF. Quantification shows the mean of 4 embryos, with 3 buds measured in each embryo. Error bars: S.D. **(c)** Micrographs of vehicle- and Y27682-injected embryos (Vasa (green) and F-actin (red)). Arrows mark the PGCs in vehicle-injected embryos. Total number of embryos injected and scored in c: vehicle-injected = 21, Y27682-injected = 26. **(d)** MIP micrographs of single PGCs from vehicle- and colcemid-injected embryos (Anillin (green), F-actin (red) and DNA (blue)). Total number of embryos injected and scored in d: vehicle-injected = 10, colcemid-injected = 18. **(e)** Time-lapse micrographs (single optical sections) of a bud from a colcemid-injected Anillin-GFP expressing embryo showing complete constriction of BF (see Supplementary Video 5). Arrowhead marks the BF. Note the absence of the AF in the time series. Total number of embryos observed in e = 4. Scale bars = 5 μm](nihms495826f2){#F2}

![Germ cell-less is required for bud furrow constriction\
**(a)** Time-lapse micrographs (single optical sections) of a single *wt* and *gcl* mutant bud during PGC formation revealed by Anillin-GFP. Red arrow marks the AF while a red dot marks the BF. Note BF constriction fails in the *gcl* mutant buds while AF forms and constricts. **(b)** MIP micrographs and quantification of the BF diameter shortly after AF formation in *wt* and *gcl* mutant buds. Red arrows mark the AF while red dots mark the BF. Each paired furrow is rotated around the X-axis by 40° and 80° to better reveal the BF. BF diameter was measured at t = AF formation in *wt* and *gcl* mutants. The total number of embryos filmed for b: *wt* = 4 and *gcl* = 7, where 1-3 BF diameters were measured per embryo. Total number of buds measured in b: *wt* = 9, *gcl* = 20. The black bar represents the mean BF diameter. \*\* represent a two-tailed t-test with p \< .001.Scale bar = 5um.](nihms495826f3){#F3}

![Germ cell-less is a rate-limiting component of bud furrow constriction\
**(a)** Time-lapse micrographs (single optical sections) showing the BF diameter revealed with Anillin-GFP in *wt*, *gcl* mutant and Gcl-overexpressing embryos (EP-*gcl*) between t=-322s and t=-196s prior to AF formation (see Supplementary Video 6, 7 and 8). **(b)** Quantification of the BF diameter between t=-322s and t=-196s in *wt*, *gcl* mutant and EP-*gcl* embryos. **c**, BF rate of constriction between t=-322s and t=-196s in *wt*, *gcl* mutant and EP-*gcl* buds calculated from the slopes of the lines shown in **(b)**. Total number of embryos analyzed for c, d, e: *wt* = 7, *gcl* = 6, EP-*gcl* = 8, where 1 or 2 buds were measured in each embryo. One-way Anova: p \< .05 for *wt* vs *gcl* and p \< .001 for *wt* vs EP-*gcl*. Scale bars = 5 μm](nihms495826f4){#F4}

![Mis-expression of Germ cell-less together with Anillin is sufficient for ectopic cell formation\
**(a)** Surface micrographs of *wt* and Gcl mis-expressing embryos (*gcl-bcd*) during somatic cellularization (Anillin (green), and DNA (blue)). Note mis-expression disrupts somatic cell formation by inducing the premature constriction of the cellularization furrow. Insets are representative micrographs depicting lateral views of the cellularization furrow in *wt* and Gcl mis-expressing embryos.**(b)** Micrographs of the anterior pole of Oskar mis-expressing (*osk-bcd*), *gcl-bcd*, and *gcl-bcd*, *anillin-GFP* embryos (Vasa, germ plasm marker (green) and Actin (red)). Note Oskar is sufficient to ectopically recruit germ plasm (Vasa) and instruct cell formation, while *gcl-bcd, anillin-GFP* embryos instruct cell formation but do not recruit germ plasm. Arrows mark ectopic cells in *gcl-bcd, anillin-GFP* embryos prior to somatic cell formation. **(c)** Micrographs of the anterior pole of embryos from females expressing *gcl-bcd, anillin-GFP* and *gcl-bcd, anillin-GFP* transgenes (Anillin-GFP (green) GCL-Actin (red) and DNA (blue)). Arrows mark ectopic cells in *gcl-bcd*, *anillin-GFP* embryos at the start of somatic cell formation. Scale bars = 5 μm](nihms495826f5){#F5}
